It is demonstrated that calculations with a physically based model give an accurate description of the start curve of bainite formation in a wide range of steels. The temperature dependence of the overall kinetics, which determines the characteristic C shape of the start curve, is controlled by both the undercooling below the start temperature (T h À T) and an effective activation energy Q b . A systematic analysis of the model parameters extracted from the best fits of published time-temperature-transformation (TTT) data reveals a material-independent relationship, which means that the activation energy is in accordance with known details of the dislocationbased nucleation model of bainite. It is shown that the C shape of the start curve can be determined for a given alloying content using an empirical relationship derived for Q b and, in combination with the material-independent relationship, the kinetics of bainite can be predicted at all temperature levels.
I. INTRODUCTION
OVER the last 80 years, much experimental work has been conducted to construct time-temperature-transformation (TTT) diagrams of various steels. [1] [2] [3] [4] [5] These diagrams display the initiation of the various possible transformations and typically consist of two C-shaped start curves, which are separated by a region that is called the bay. The C curve at relatively high temperatures describes the progress of diffusional transformation microstructural constituents such as ferrite and pearlite, whereas the C curve below the bay corresponds to displacive transformations such as bainite and Widmansta¨tten ferrite. [6, 7] The exact shape and position of the curves constituting the TTT diagram are dependent on the composition and grain size of the austenite that transforms. By the addition of certain alloying elements, e.g., Mo or Cr, the bay region becomes wider, while in plain carbon steels, the decomposition of austenite to ferrite is so rapid that the two transformation ranges overlap to such an extent that there appears to be only a single C curve in the TTT diagrams, which is the combined result of diffusional and displacive transformations. [5] [6] [7] The existing physically based models for bainite formation can be divided into two categories, namely displacive and diffusional models. The controversy between the two transformation mechanisms is an ongoing debate in literature. [8] [9] [10] [11] Although diffusional models implicitly predict C-curve kinetics of bainite in accordance with experimental observations, many model parameters have to be chosen in the calculations, including an arbitrary incubation time. [12] On the other hand, kinetic simulations based on Bhadeshia's displacive transformation model predict a bainite start curve with a flat top. [6, 7] This is related to the assumption that the number density of potential nucleation sites is constant. [13] In contrast, by assuming the density of potential nucleation sites to be proportional with the driving force, a displacive model was recently developed that predicts a C-shaped start curve. [14] Furthermore, this proposed expression for bainite formation contains only two well-defined adjustable parameters. [14] The primary objective of the present study is to understand and predict the characteristic C shape of the start curve of bainite, as observed in TTT diagrams of various steels. The analytical expression for isothermal bainite formation proposed in Reference 14 is the starting point in this investigation. An expression for the time required to form a certain fraction bainite at various temperatures will be derived and calculations are compared to the experimental start curves of steels with a wide range of compositions. It will be shown that the model accurately describes the transformation kinetics over the whole temperature range, including the nose region. The correct model prediction of the C shape of the start curve was already conjectured in Reference 15; however, confirmation was not possible in either Reference 14 or Reference 15, because the plain carbon steels that were investigated do not display a nose in the TTT diagram.
In the present work, a thorough validation of the model is accomplished using 40 published TTT diagrams. The accurate description of start curves engenders confidence in the transformation model and gives indirect evidence that the displacive growth mechanism is a plausible assumption. The parameters extracted from the best fits are systematically analyzed, and it will be shown that the characteristic C shape of each investigated start curve is governed by an effective activation energy for which an empirical formula is developed. Furthermore, there appears to be a material-independent relationship between the temperature-independent rate factor and the effective activation energy. These findings permit us to make predictions of the start curves for various steel compositions. The proposed methodology for the calculation of start curves can aid in our understanding of bainite kinetics in general, and can also be of practical importance in the thermomechanical processing of steels and the development of new alloys.
II. THEORY

A. Transformation Model
In a previous article by the present author, [14] a transformation model describing the fraction bainite f as a function of time was developed on the basis of the assumed displacive growth of bainite in combination with the nucleation rate, similar to other investigations, [13, 16, 17] expressed as [14] dN dt
where m is the attempt frequency, which is assumed constant and is chosen as 1 9 10 13 s À1 [16] in all calculations. The nucleation rate of bainite depends on N i , the number density of potential nucleation sites initially present in the austenite, and the activation energy Q * . The contribution from autocatalytic nucleation is incorporated by the factor (1 + kf). [13, 17, 18] Different from other models, it was assumed in Reference 14 that N i depends linearly on the net driving force at T, and is thus proportional to (T h À T). The temperature T h is the highest temperature at which a displacive transformation can occur, [19] and this temperature corresponds to the start temperature for either Widmansta¨tten ferrite or bainite. Based on these assumptions and Eq. [1] , it was derived that the fraction bainite f can be calculated as a function of time with [14] f
in which j is a temperature-dependent rate constant defined by
where a b is a constant that is inversely proportional to the austenite grain diameter d c . [14, 18] The constant a b is directly related to N i and represents the effectiveness of austenite grain boundaries for the nucleation of bainite. Based on the derivation given in Reference 14, a b is calculated as
where d is the effective thickness of the austenite grain boundary, Z is a geometrical factor, and a m is a kinetic parameter describing the rate of martensite formation in the alloy. [17, [20] [21] [22] In the present study, a b is calculated for each alloy using Eq. [4] with the constants Z = 6, d = 1 nm, and a m = 0.015 K À1 ; thus, a b = (9 9 10 À5 lmK À1 )/d c . In References 14 and 15, it was demonstrated for several plain carbon steels that the bainite formation as a function of time at various temperatures can be described using a single autocatalytic parameter k and a temperature-dependent rate parameter j. Evaluation of the model parameters in Reference 14 using Eq. [3] showed that Q * decreases linearly with decreasing temperature and can be described by
in which Q 0 is a constant, K 1 is a constant of proportionality, and DG m is the maximum driving force. Calculations for various steel compositions have shown that in the temperature range of bainite formation, the slope C = d(DG m )/dT is constant, which is in agreement with the results reported in References 17 and 19. Therefore, the maximum driving force can be expressed as DG m = C(T 1 À T), with T 1 a temperature found by extrapolation of the linear dependence to DG m = 0. The obtained linear dependence of Q * on the driving force in Reference 14 engendered confidence in the modeling approach, because this relationship is in qualitative agreement with the dislocation-based nucleation model of bainite, [9] which was derived by Bhadeshia using the isothermal martensite nucleation theory proposed by Olson and Cohen. [23] This nucleation model will be discussed in more detail in the discussion of the results, in which it will be shown that an evaluation of the model parameters in the present study leads to a very similar expression of Q * , as proposed in Reference 9.
B. Transformation Start Curve
In order to validate the transformation model using the published experimental start curves of bainite, the inverse function of Eq. [2] is determined. At a given temperature, the time t required to form a volume fraction bainite f can be calculated as
Because k is not dependent on the isothermal holding temperature and constant for a specific austenitizing temperature T aus , [14] the distinct C shape of the start curve is determined by the temperature dependence of j. To explicitly show which parameters control the temperature dependence of j, Eq. [3] , in combination with DG m = C(T 1 À T) and Eq. [5] , is rewritten as
which is denoted as the effective activation energy for bainite formation, and the pre-exponential factor B is described by
With this expression of j shown in Eq. [7] , it is readily understood that the typical shape of the start curve is governed by both Q b and (T h À T). The pre-exponential factor B determines the overall (temperature-independent) rate of the transformation, i.e., this parameter shifts the start curve in the t direction of the TTT diagram. Figure 1 illustrates qualitatively how the parameters B and Q b change the transformation start curve. For temperatures below the nose of the start curve, the increase in start time with decreasing temperature becomes stronger when Q b increases. Furthermore, the relative location of the additional curves corresponding to later stages of transformation is controlled by the autocatalytic parameter k, which will be explained in more detail later.
From Eq. [6] , it is evident that the nose of the C-shaped start curve is simply determined by the maximum in the rate parameter j. When j (Eq. [7] ) is differentiated with respect to T, the temperature corresponding to the nose of the C curve in the TTT diagram, T nose , can be evaluated as
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Calculations show that for decreasing Q b, the difference between T h and T nose increases.
C. Modeling Approach
In the present study, many published TTT diagrams of various steels are analyzed to compare the start curves with calculations using Eq. [6] . The agreement between the calculated and experimental start curves is optimized by adjusting Q b and B. In the discussion of the results, the model parameters Q b and B extracted from the best fits will be systematically analyzed and interpreted in terms of associated parameters.
The parameters k and T h are also evaluated from the experimental data, and some additional remarks are given on the determination of these parameters. Most of the steels studied contain significant additions of Cr or Mo, which means that the bay region is wide and, consequently, T h is strictly defined by the experimental start curve. For only a few of the TTT diagrams studied is this not the case because of overlap with the pearlite/ ferrite start curve or due to insufficient experimental data in the temperature regime of the bay. The autocatalytic parameter k determines the S shape of the fraction-time curve. [13, 14] This means that k is related to the difference in time between the start curve and the additional curves in the TTT diagram. In the present investigation, k is determined by optimizing the overall agreement with the experimental start, halfway, and finish curves. In Reference 14, it was demonstrated that k increases with increasing austenite grain size d c , and other studies indicated that k is also dependent on the chemical composition of the steel. [13, 24] However, the precise mechanism of autocatalytic nucleation is not thoroughly established and further research is required to get a quantitative understanding of the influence of alloying elements and carbide formation on k. When only the start curve is given in an analyzed TTT diagram, a best estimate of k is determined on the basis of the reported d c or T aus and qualitative knowledge of the variation in k with composition. An assessment of possible inaccuracies in k will be given.
III. DATA FROM THE LITERATURE
Forty published TTT diagrams have been analyzed in order to validate the transformation model. The alloys investigated comprise a wide range of chemical compositions, as seen in Table I . For most of the alloys, the austenitizing temperature T aus and the ASTM austenite grain size number N have been reported (Table I ). The corresponding grain diameter d is calculated using
According to the literature, [5] the most commonly used method of obtaining the data for TTT diagrams is the microscopic method originally used by Davenport and Bain. [25] This method was probably employed for most of the steels examined in the present investigation. The analyzed TTT diagrams originate from different sources in literature [1] [2] [3] [4] [5] and have been developed in various nations. In each TTT diagram, it is often not clearly stated which fraction of bainite f start served to construct the experimental start curve. The smallest fraction detectable in optical micrographs is assumed to be in the range of 0.5 to 4 vol pct. For each alloy analyzed in the present investigation, the option of associating the experimental start curve with 2 vol pct transformation was chosen. It is noted that deviations from this assumed fraction of 2 vol pct cause an inaccuracy in the temperatureindependent rate factor B derived by fitting to the published TTT data. This uncertainty in f start will be assessed and accounted for in the discussion of the model parameters. To give a rough estimate of this inaccuracy, when the actual start curve corresponds to f start = 1 vol pct, the value of B extracted from the best fit is approximately 40 pct smaller than the value of B evaluated for the assumed fraction of 2 vol pct. The temperature-independent rate factor B is also correlated with k, which is for some steels not accurately determined because of insufficient experimental data. However, B is influenced only moderately by changing k. The inaccuracy in B due to uncertainties in k is approximately 15 pct, which is relatively small as compared to the influence of uncertainties in f start on B.
In most of the published TTT diagrams, the experimental data points are not plotted. Only a curve, the best fit based on a limited set of precise measurements and empirical knowledge of the characteristic C shape, [5] is shown. However, for a few alloys, more detailed TTT diagrams, including the underlying data, have been reported, e.g., Reference 26, and analysis of these data discussed in Section IV gives insight into the experimental inaccuracies involved in the construction of TTT diagrams. The experimental inaccuracy is also apparent from the significant differences that can be identified between TTT diagrams of different steel codes with virtually the same composition, which has also been mentioned by Lee and Bhadeshia. [7] This information will be used to give a well-balanced assessment of the accuracy that can be attained with the simulations. 
IV. RESULTS
On the basis of the proposed transformation model (Eq. [6] ), the start curves of bainite have been calculated for all the alloys listed in Table I . The values of k, T h , Q b , and B used in the calculations to optimize the agreement with the experimental data are shown in Table II . The values of T nose calculated with Eq. [10] are listed in Table I , for comparison with values determined from the experimental start curves. Comparison of these T nose values gives a qualitative indication of the agreement between the calculated and experimental start curve in the region near the nose of the C curve.
Figure 2(a) shows that for steel En 24, [1] the start curve of bainite is very well described by the transformation model. In the low-temperature range of 300°C to 400°C, the calculated 10, 50, 90, and 99.99 pct curves differ somewhat from the experimental curves. The best fit would be obtained for calculated 7, 34, 95, and 99.998 pct curves. To a considerable extent, these small differences can be explained by experimental uncertainties, because similar discrepancies are sometimes observed by comparing TTT diagrams of the same steel code published in different literature sources. In the upper part of the temperature range of bainite formation (above approximately 400°C for En 24), the transformation is very slow and incomplete, according to the experimental curves. In the literature, this phenomenon has been reported for many experimental data; [7, 27, 28] however, no conclusive explanation has been given as to the reason the transformation to bainite in the high temperature range is incomplete in such steels with a low Si and Al content. Based on its morphology, the bainite formed in this temperature range is sometimes called granular bainite. [29, 30] In the comprehensive article by Steven and Haynes [27] in which they investigated many British Standards (B.S.) En steels, this incomplete transformation effect was already noted and was quantified to some extent. They simply argued that with some resemblance to the martensitic transformation, the final extent of the bainitic transformation is also temperature dependent. [27] For the steels investigated in Reference 27, the temperatures above which more than 50 pct bainite will not form (B 50 ) are reported and, on average, this temperature was found to be 60°C lower than the B s temperature.
Analogous to the method proposed in Reference 27, the 10, 50, 90, and 100 pct curves have been calculated for steel En 100 [5] to realize the best agreement with the experimental data as shown in Figure 2 (b). The B s temperature of En 100 is 541°C, and the temperatures used in the simulations of the additional curves are B 10 = 516°C, B 50 = 486°C, B 90 = 446°C, and B 99 = 401°C. Although this example demonstrates that the idea of Steven and Haynes can account for the temperature dependence of the final extent of the transformation, the exact mechanism by which the austenite is stabilized during bainite formation in lean-Si steels at relatively high temperatures remains unexplained. Therefore, this scheme has not been pursued in the simulations of the additional curves for the other alloys. This stabilization phenomenon is very interesting, but goes beyond the scope of the present investigation and requires further research. Figure 3 shows the comparison between the calculated and experimental start curve of steel En 110. [5] An agreement is obtained similar to that for the steels En 24 and En 100 (Figure 2) . Furthermore, the activation energy Q b = 63 kJ mol À1 used in the calculation for En 110 is only slightly larger than the Q b = 54 and 57 kJ mol À1 found for En 24 and En 100, respectively. Consistent with this comparison in Q b , the shape of the start curves is also similar for all three B.S. En steels. To demonstrate the effect of the autocatalytic parameter k on the fit of the additional curves, the simulated curves for two different k values are shown in Figure 3 , namely k = 70 for temperatures in the range 350°C to 540°C, and k = 35 for temperatures below 360°C. The region of overlap between both simulations, indicated by the encircled region in Figure 3 , shows that the overall agreement with the experimental data of the additional curves is better for the calculations using k = 70. For the calculations with k = 35, the same agreement with the start curve was achieved by using a B value of 0.42 9 10 À13 K À1 , which is approximately 20 pct larger than B = 0.35 9 10 À13 K À1 used for k = 70. This example explains the basis on which k is determined and gives insight into the uncertainties in k and the consequence for the evaluated parameter B. As mentioned earlier, the inaccuracy in B due to the uncertainty [1] and (b) En 100. [5] For En 100, the additional 10, 50, 90, and 99.9 pct curves are calculated with the highest temperatures, in accordance with the method suggested by Steven and Haynes. [27] Fig. 3-Experimental (dotted line) and calculated (solid line) TTT diagram of En 110 [5] illustrating the effect of k (70 or 35) on the fit of the additional curves.
in f start is considerably larger, and in the evaluation of the model parameters, this uncertainty will be discussed.
In Figure 4 , the calculated transformation curves (solid lines) are compared with the experimental data of Fe-0.42C-1Cr and Fe-0.38C-3Cr measured by Klier and Lyman. [26] These two TTT diagrams are interesting, in particular because the experimental data points are shown together with the corresponding fractions. Such detailed information is frequently not given and the scatter in the experimental data offers valuable insight into the experimental inaccuracies involved in the construction of TTT diagrams. Figure 4(a) shows that for Fe-0.42C-1Cr, both the calculated 2.5 and 97.5 pct curves are in excellent agreement with the experimental data points corresponding to these fractions, as evaluated from dilatometry measurements. [26] This optimal agreement for the two curves is achieved using k = 70. The three experimental data points (open squares) in Figure 4 (a), which are reported to identify the start of the transformation as deduced from metallographic analysis, [26] are best described by the model when it is assumed that these data points correspond to 1 pct transformation. This seems to be a realistic fraction. In addition, for Fe-0.38C-3Cr, the experimental data points corresponding to 0.5 pct transformation are well described by the model, as seen in Figure 4(b) . However, the agreement with the 99.5 pct dilatometry data is not optimal. Figure 5 shows the agreement between the calculated start curve (solid line) for Fe-0.98C-1.89Mn-1.46Si and the experimental data (solid circles) measured by Caballero et al. [31] This alloy transforms to bainite at very low temperatures and the as-formed bainitic microstructure is very strong due to the fine lath structure. [31] The dashed line in Figure 5 indicates the start curve calculated with the model of Bhadeshia. [6, 9] In this highalloyed steel, the transformation kinetics decrease strongly with decreasing temperature, i.e., the C shape is very pronounced and this is associated with a large activation energy, Q b = 132 kJ mol À1 , which is the largest Q b found for all the investigated alloys.
The experimental TTT diagram of Fe-0.79C-5Ni [1] is shown in Figure 6 together with the best fit (solid line) of the data in the temperature range of bainite formation. This high-carbon steel has no significant Cr or Mo addition and, consequently, the bay region is absent. However, in the reported TTT diagram, it is clearly indicated that the lower part of the single C curve corresponds to bainite formation. By estimating T h , the data are fitted to the model, and a value Q b = 85 kJ mol À1 is extracted from the best fit. Fig. 4 -TTT diagrams of (a) Fe-0.42C-1Cr and (b) Fe-0.38C-3Cr showing the degree of agreement between experimental data (Klier and Lyman [26] ) and calculated transformation curves (solid lines). . [31] The dashed line indicates the start curve calculated with the model of Bhadeshia.
[9] Figure 7 shows the experimental and calculated start curves of six steels [1, 4] that have very different transformation kinetics. In agreement with the observed differences in the C shape of the start curves, the values of Q b deduced from the best fits show a strong variation. The characteristic C shape of the start curve is related to certain alloying elements. Later in this article, a more quantitative analysis will be given to derive a relationship between Q b and the composition.
Because of space restrictions, the TTT diagrams of the other alloys cannot be included in the present article, but a comparable agreement, as seen in Figures 2 through 7 , has been obtained for the other steels. (For the online version, the supplement to this manuscript shows the other TTT diagrams of alloys listed in Table I.) V. DISCUSSION
A. Correlation between B and Q b
The dependence between the parameters B and Q b extracted from the best fits (Table II) is shown in Figure 8(a) , which plots the values of mB (m = 1 9 10 13 s À1 ) on a logarithmic scale against Q b . This figure shows a clear correlation between B and Q b , which is a remarkable outcome of this analysis. Apparently, there exists a material-independent exponential relationship between B and Q b , which are the essential parameters describing the transformation kinetics of bainite in the wide range of steels investigated. In fact, it will be shown later that this finding is consistent with the known details of the nucleation mechanism of bainite based on a dislocation process. [9] The uncertainty in f start leads to inaccuracies in the parameter B, which is indicated for a few data points in Figure 8 (a) by the vertical error bars. The fraction corresponding to the experimental start curve f start is assumed to be 2 vol pct but may have a different value in the range of 0.7 to 4 vol pct, which implies smaller or larger B values, respectively, as indicated by the error bars. For a few data points, diagonal error bars are also shown, which indicate the correlated uncertainty in the two model parameters B and Q b . When both B and Q b are chosen, somewhat smaller or larger than the values corresponding to the best fit (Table II) , the agreement with the experimental data decreases but can still be regarded as acceptable.
It is noted that the pre-exponential factor B is related to the number density of potential nucleation sites N i ; however, the observed variation in B of six orders of magnitude cannot be understood to be a realistic material dependence of N i . Assuming no material Fig. 6 -TTT diagram of Fe-0.79C-5Ni [1] showing the agreement between the calculated kinetics (solid line) and the experimental start curve in the temperature range of bainite formation. Bainite start curve has a strong overlap with the start curve of carbides due to the very low Cr/Mo content of this alloy. Table I . [1, 4] The two diagrams show the change in the shape of the start curve with varying activation energy Q b , which is indicated by the number in parentheses.
dependence, a b is calculated according to Eq. [4] as a b = (9 9 10
, which is approximately the average austenite grain size of the steels investigated, a b = 2.8 9 10
À6 K À1 , and the solid line in Figure 8(a) describes B as a function of Q b according to
with the composition-independent parameters Q d = 170 kJ mol À1 and T d = 705 K (432°C). Alloys with N > 7 and N < 7 have B values above and below this calculated line, respectively. Calculations with Eq. [11] using N = 3 and 11 are indicated by the dashed lines in Figure 8(a) , and it is seen that all data are within this range.
When Eq. [9] , which describes the relationship between K 1 C and B, is combined with Eq. [11] , it follows that K 1 C = (170 kJ mol À1 À Q b )/(705 K), which is indicated by the solid line in Figure 8(b) . The values of K 1 C can be evaluated from the B values listed in Table II using Eq. [9] and the parameter a b , which is a function of the grain size. The agreement between the values of K 1 C and the relationship K 1 C = (170 kJ mol À1 À Q b )/(705 K) is optimized by adjusting the effective austenite grain size N eff . In view of experimental inaccuracies, it is considered acceptable that N eff deviates ± 1 ASTM number from the reported grain size N (Table I) . Table II shows the values of N eff and K 1 C. It can be seen that for most steels, N eff is equal to the reported ASTM number N, and Figure 8(b) shows a satisfactory agreement between the evaluated values of K 1 C and the relationship K 1 C = (170 kJ mol À1 À Q b )/ (705 K). An error estimate of the constants in Eq. [11] is made by calculating the just-acceptable fits through the data, which leads to the two limiting equations,
B. Activation Energy Q * By using the established relationship Q b ¼ Q d À K 1 CT d and Eq. [9] , the rate parameter j (Eq. [7] ) can be written as
The activation energy Q * in this equation can be rewritten using the material parameter T 1 to show the dependence on the driving force, DG m = C(T 1 À T), in a similar way as in Eq. [5] , which leads to
This expression closely resembles the expression of Q * in the model derived by Bhadeshia for the nucleation of bainite involving the dissociation of dislocations. [9] In this model, which is based on the work of Cohen and Olson, [23] the activation energy Q * originates from the resistance of the lattice to the motion of dislocations and is described by [9] 
By comparison of Eqs. [13] and [14] , with respect to the term describing the proportionality with the driving force, it is found that the parameter K 1 can be expressed as
where v* is an activation volume, b the magnitude of the Burgers vector, and q A the spacing of the close-packed (Table II) . Solid line is calculated based on N = 7 and Eq. [11] . Vertical error bars are related to the uncertainty in f start (0.7 to 4 vol pct). (b) Values of K 1 C evaluated from the B values fitted to the solid line,
planes on which the faulting is assumed to occur. [9] It is important to note that in agreement with Eq. [14] , the second term in Eq. [13] is also proportional to K 1 or, equivalently, is proportional to the activation volume.
According to Eq. [14] , the temperature-independent part of Q * is dependent on many material parameters such as s l , the temperature-independent resistance to dislocation motion; G strain , the strain energy per unit volume of a; r, the a/c interfacial energy; and n P , the number of close-packed planes participating in the faulting process. A comparison of Eqs. [13] and [14] also suggests that Q d (170 kJ mol À1 ) can be identified as the constant G Ã 0 ; the energy barrier between adjacent equilibrium positions partial dislocations.
C. Empirical Relationship for Q b
In many previous experimental investigations, it was already proposed that the chemical composition has an influence on the characteristic C shape of the start curve. [5] This understanding was based on the accumulated knowledge in the construction of TTT diagrams. In the present study, the C shape of the start curve is unambiguously related to Q b , and an attempt has been made to develop an empirical equation for Q b as a function of the chemical composition such that predictions of the shape of start curves can be made. It is known that the alloying elements differ in the nature and magnitude of their effect on the transformation to bainite and that the combined effect on the transformation behavior can be rather complex. [5] As a starting point, it is assumed that Q b has a linear dependence on the concentration of alloying elements. Based on a statistical analysis of the data (Table II) using the method of least squares, an empirical relationship between Q b and composition has been developed as described by
with the concentration x in weight percent. The values of Q b calculated with Eq. [16] are given in Table II for comparison with the values of Q b evaluated from the best fits. Figure 9 shows an adequate agreement between the calculated and measured values of Q b . The standard error associated with the statistical analysis underlying Eq.
[16] is 6.0 kJ mol À1 , and the corresponding R 2 coefficient is 0.94. An analysis of Eq. [16] shows that carbon increases Q b more markedly than any of the other alloying elements. It is also noteworthy that of all substitutional elements, Mo has the strongest effect on Q b , while Cr is seen to have only a weak influence on Q b .
D. Predictions of Kinetics
For a steel with a composition in the range of compositions analyzed in the present study, Eq. [16] can be used to predict the value of Q b , which determines the C shape of the start curve. To predict the kinetics, the calculated Q b and the austenite grain size d eff are inserted in Eq. [11] in order to obtain the parameter B.
Subsequently, when T h is also known, the rate parameter j can be evaluated using Eq. [7] , and together with k, the kinetics can be predicted using Eq. [6] . To verify that adequate predictions can be made based on Q b calculated with Eq. [16] , the start curve of Fe-0.52C-Mn [1] has been simulated according to the procedure described earlier, with d eff and T h equal to the values used in the calculation of the best fit. Figure 10 shows the comparison between this semipredicted start curve (dashed line) and the best fit (solid line). Table II (Table II) . Fig. 10 -Comparison between calculated best fit (solid line) of the experimental data (Fe-0.52C-Mn, [1] open circles and dotted line) and the start curve calculated using Q b predicted by Eq. [16] (dashed line) and the fully predicted start curve (dashed-dotted line) based on Eqs. [16] and [17] , respectively.
kJ mol
À1 , which means that this example demonstrates the least accurate prediction for the investigated dataset. Despite this strong discrepancy, it is seen in Figure 10 that the predicted start curve gives a fair approximation of the kinetics.
E. Empirical Relationship for T h
Predictions of the bainite start temperature with the formula established by Steven and Haynes [27] do not lead to an optimal agreement with the values of T h of the steels investigated in the present article (Table II) . The origin of these deviations can be well explained by the analyzed data set. Steven and Haynes [27] derived their empirical relationship of B s on the basis of results obtained for many B.S. En steels, whereas in the present study, many other, considerably different, steel codes are analyzed as well. Analogous to the Steven and Haynes approach, the influence of the composition on the T h of the steels shown in Table II can be described by a similar empirical equation, namely:
with the concentration x in weight percent. Figure 11 shows that the values of T h calculated with Eq. [17] are in reasonable agreement with the measured values.
From the linear regression analysis associated with the derivation of Eq. [17] , it follows that the standard error and the R 2 coefficient are 23°C and 0.84, respectively. For comparison, the empirical equation established by Steven and Haynes [27] tested against the present dataset leads to a standard error of 28°C and a correlation coefficient of 0.77.
When both Q b and T h are calculated with Eqs. [16] and [17] , respectively, the start curve can be fully predicted. This is demonstrated for Fe-0.52C-Mn in Figure 10 , in which the dashed-dotted line has been calculated using T h = 579°C, predicted by Eq. [17] in combination with N = 8, the reported austenite grain size. Comparison with the other curves in Figure 10 shows that this fully predicted start curve (dasheddotted line) overestimates the overall kinetics, i.e., the curve is shifted to shorter times at all temperature levels. This comparison reveals the strong sensitivity on the austenite grain size. On the other hand, the predicted T h for this alloy is only 6°C higher than the value derived from the best fit, which leads to a small shift of the start curve in the T direction of the TTT diagram. This example of a fully predicted start curve gives a reasonable approximation of the overall pattern of the transformation; however, it should be noted that a much better representation of the kinetics can be given when the model can be tested against one precise experimental data point to derive d eff .
F. Additional Remarks
To ensure an optimal transparency of the simulations and the interpretation of the model parameters in the foregoing, the values of d and a m were assumed constant in the calculations, which means that a b is only dependent on the austenite grain size. However, it seems also reasonable to assume that a b has a dependence on the composition as well, through d and a m , although it is difficult to make justified assumptions regarding the material dependence of d. Therefore, any possible material dependence of a b has been accounted for in the calculations by choosing an effective grain size, d eff . The values of d eff derived for the studied alloys did not differ much from the reported grain sizes, which indicates that the material dependence of a b is weak.
VI. CONCLUSIONS
It is shown that the model calculations give a very accurate description of the bainite start curve over the whole temperature range of transformation. In particular, the satisfactory prediction of the shape of the C curve in the region near the nose strongly supports that the number density of potential nucleation sites N i is proportional to (T h À T), an important assumption underlying the derivation of the model. A systematic analysis of the model parameters derived by fitting to published TTT data indicates that the kinetics of bainite formation is mainly governed by the composition dependence of Q b and T h . In addition, the transformation is also influenced by the parameters d eff and k, which are determined by the properties of the austenitic matrix. An empirical formula for Q b is developed that can be of practical use to determine the shape of start curves. Subsequently, the bainite kinetics can be predicted at all temperature levels using the unique relationship between B and Q b , provided the model can be tested against one precise experimental data point in the TTT diagram to derive d eff . (Table II) and the values of T h calculated with Eq. [17] .
